C luster of differentiation 1 molecules represent a highly conserved and nonpolymorphic class of Ag-presenting molecules that present nonpeptide Ags (1) . The discovery that CD1 molecules can present mycobacterial cell wall-derived lipid Ags to T cells suggests that CD1 may play a role in immunity to mycobacteria (2, 3) . However, lipid Ags derived from mycobacteria have only been defined for CD1b and CD1c, members of the group 1 subset of CD1 molecules that are expressed on human lymphoid and myeloid/dendritic cells, but are absent in mice (1, 4) . The group 2 CD1 molecule, CD1d, is expressed in both murine and human tissues. In humans, CD1d is found on a subset of B cells, thymocytes, and myeloid-lineage cells, gastrointestinal epithelium, and skin (5, 6) .
The study of CD1d has been centered on the interesting finding that a marine sponge-derived glycolipid, ␣-galactosylceramide (␣GalCer), 3 is presented by CD1d to NKT cells, a unique subset of T cells found in both humans and mice (7, 8) . Human NKT cells express a semi-invariant TCR containing the V␣24 chain (9, 10) and usually the NK cell marker CD161 (11) . Activation of NKT cells by ␣GalCer results in proliferation and release of cytokines (12, 13) . Additionally, although NKT cells are primarily CD4 ϩ or double negative (DN), they can be potently cytolytic (7, 14, 15) . Indeed, it is the ability of Ag-activated NKT cells to lyse tumor targets that has prompted clinical investigations into the use of ␣GalCer as an antitumor agent (16) . By the study of mouse models of infection, CD1d and NKT cells have been implicated in host defense against a number of pathogens including Borrelia burgdorferi, Plasmodium species, and Mycobacterium tuberculosis (17) (18) (19) .
Tuberculosis, caused by the intracellular bacterium M. tuberculosis, is a major cause of morbidity and mortality worldwide. Despite available antibiotic therapy, resistant strains are emerging and may reach up to 25% of isolated strains in several regions of the world (20) . Therefore, novel therapeutic strategies are desperately needed to protect from uncontrolled spread of multidrug-resistant tuberculosis. In addition to the classic association of M. tuberculosis with infection of alveolar macrophages, intracellular infection of dendritic cells (DC) has also been shown and is important for the initiation of both innate and adaptive immune responses (21, 22) .
In the current study, we investigated whether ␣GalCer-activated CD1d-restricted NKT cells could contribute to host defense against M. tuberculosis infection. Monocyte-derived cells, including monocytes, macrophages, and DC were studied for their ability to activate NKT cells by presentation of ␣GalCer in a CD1d-restricted manner. The ability of NKT cells to contribute to antimycobacterial defense was examined according to 1) the production of proinflammatory cytokines, 2) the lysis of infected macrophages, and 3) the delivery of antimicrobial peptides such as granulysin resulting in direct antimycobacterial activity. Although the induction of apoptosis may lead to the death of intracellular bacteria, apoptosis is not a required component of CTL-mediated antibacterial effector function (23) . The following studies demonstrate that NKT cells can contribute to each of these three mechanisms and suggest that activation of human NKT cells by ␣Gal-Cer may specifically contribute to host defense against mycobacterial infection.
Materials and Methods

Generation of monocytes, macrophages, and monocyte-derived DCs (Mo-DCs)
After informed consent was given, PBMCs from healthy donors were isolated by Ficoll-Hypaque (Pharmacia, Freiburg, Germany) density gradient centrifugation. To generate monocytes, cells were cultured in complete medium (RPMI 1640, 0.1 mM sodium pyruvate, 2 mM penicillin, and 50 g/ml streptomycin; Life Technologies, Grand Island, NY) supplemented with 1% FCS (Omega Scientific, Tarzana, CA) and were allowed to adhere to culture flasks. After 2 h at 37°C, the nonadherent cells were removed by vigorous washing with PBS. To generate macrophages, adherent cells were cultured in a CO 2 incubator at 37°C in complete medium containing 10% human serum for 4 days. To generate immature DCs, adherent cells were cultured for 7 days in complete medium containing 10% FCS, 1000 U/ml GM-CSF (Genetics Institute, Cambridge, MA), and 1000 U/ml IL-4 (Schering-Plough, Madison, NJ), as previously described (24) . These cells were nonadherent, displaying typical DC morphology. Purity of the DCs was typically Ͼ95%, as determined by flow cytometry.
NKT cell clones
NKT cell clones DN2.B9 and DN2.D5 were established and maintained as previously described (12, 25) . Briefly, cells were maintained in the presence of rIL-2 (1 nM; Chiron Diagnostics, Norwood, MA) and stimulated with anti-CD3 (30 ng/ml) and irradiated PBMC approximately every 4 wk. V␣24 ϩ CD4 Ϫ CD8 Ϫ phenotype was confirmed by flow cytometry (not shown).
Antibodies
The following Abs were used for flow cytometry: OKT6 (anti-CD1a), OKT3 (anti-CD3), OKT4 (anti-CD4), and OKT8 (anti-CD8) (American Type Culture Collection, Manassas, VA); TUK4 (CD14) and goat antimouse-FITC (Caltag, South San Francisco, CA); and C15 (␣TCR V␣24; Immunotech, Westbrook, ME) and CD1d 42.1 (BD PharMingen, San Diego, CA). DH4 (anti-granulysin) (26) and tetramethylrhodamine isothiocyanate (TRITC)-conjugated anti-mouse IgG1 (Southern Biotechnology, Birmingham, AL) were used for immunofluorescence labeling of cells. For immunofluorescence labeling of tissue, the following Abs were used: antiCD1d (BD PharMingen), RPA-M1 (CD14; Zymed, South San Francisco, CA), and DCN46 (DC-specific ICAM-3 grabbing nonintegrin (DC-SIGN); BD PharMingen). The secondary Abs used were isotype-specific goat antimouse mouse Abs conjugated to Alexa Fluor 488 or 568 (Molecular Probes, Eugene, OR).
CD1d42.1.1 (anti-CD1d) was used to block CD1d-restricted NKT cell responses and for immunoperoxidase staining (12) . IgG isotype controls (Sigma-Aldrich, St. Louis, MO) were used in all experiments.
T cell assays
For measurement of Ag-specific proliferation, NKT cells (5 ϫ 10 4 ) were added to irradiated (50 Gy) monocytes or Mo-DCs (10 4 ) plated in a 96-well plate to which 100 ng/ml synthetic ␣GalCer (Kirin Brewery, Gunma, Japan) or an equivalent amount of the vehicle DMSO was added. After 2 days, cultures were pulsed with 3 [H]thymidine (1 Ci/well; ICN Biomedicals, Costa Mesa, CA) and were harvested 18 h later for evaluation by liquid scintillation counting. To demonstrate the CD1d restriction of the NKT cell lines, 20 g/ml anti-CD1d blocking Ab (CD1d42.1) was added 30 min before the addition of NKT cells. NKT cell cytokine release was measured by use of a standard sandwich ELISA method (IFN-␥ and IL-4; Endogen, Woburn, MA) using supernatants that were collected after 24 h of culture. The cultures were identical with those described above, with the exception that 25 ng/ml ␣GalCer was used in cultures that were analyzed by ELISA.
Cytotoxicity assays
NKT cell cytotoxicity experiments against CD1d ϩ target cells were performed as described (27) . Target cells were pulsed with ␣GalCer for 16 h, then washed and labeled with 100 Ci of 51 Cr (ICN Biomedicals) for 1 h and plated in a 96-well V-bottom plate at a final concentration of 5000 targets/100 l. T cells were then added at indicated E:T ratios for 4 h. Supernatants were collected and target cell lysis was calculated by quantifying 51 Cr release. The spontaneous 51 Cr release by monocytes or MoDCs in the absence of T cells was Ͻ10%. Results are expressed as percent specific lysis and are calculated as follows: 100 ϫ (experimental release Ϫ spontaneous release)/(maximum release Ϫ spontaneous release).
Growth of M. tuberculosis
M. tuberculosis (virulent strain H37Rv) was grown in suspension with constant, gentle rotation in roller bottles containing Middlebrook 7H9 broth (BD Biosciences, Heidelberg, Germany) supplemented with 1% glycerol (Roth, Karlsruhe, Germany), 0.05% Tween 80 (Sigma-Aldrich), and 10% Middlebrook oleic acid, albumin, dextrose, and catalase enrichment (BD Biosciences). Aliquots from logarithmically growing cultures were frozen in PBS containing 10% glycerol, and representative vials were thawed and enumerated for viable CFU on Middlebrook 7H11 plates. Staining of bacterial suspensions with fluorochromic substrates differentiating between live and dead bacteria (BacLight; Molecular Probes) revealed a viability of the bacteria Ͼ90%. Several precautions were taken to minimize clumping of mycobacteria: 1) culture conditions (rotation; Tween) were chosen to support the growth of single-cell suspensions; 2) before in vitro infection, M. tuberculosis bacilli were sonicated to disrupt small aggregates of bacteria; and 3) the multiplicity of infection (MOI) was selected such that there were only two to three bacilli per infected cell.
Infection of monocyte-derived cells
Monocytes, macrophages, or Mo-DCs were infected with single-cell suspensions of M. tuberculosis. After 4 h of incubation at 37°C, adherent monocytes and macrophages were washed three times with antibiotic-free medium. For nonadherent Mo-DCs, cells were harvested and centrifuged at 800 rpm for 8 min. This low-speed centrifugation selectively pellets cells while extracellular bacteria remain in the supernatant. After three cycles of centrifugation, the majority of extracellular bacteria were removed as determined by auramine-rhodamine stain (TB-fluor; Merck, Darmstadt, Germany). Infected cells were then plated at a concentration of 1 ϫ 10 6 cells/ml in a 24-well plate in complete medium without antibiotics plus 10% human serum. The efficiency of infection, as quantitated by staining of control cultures on Permanox chamber slides (Nunc, Naperville, IL) in every experiment was dependent on the MOI. The microscopic evaluation of infected macrophages under the fluorescence microscope confirmed the absence of any mycobacterial aggregates. Viability of infected cells was determined by trypan blue exclusion and was Ͼ99% in all experiments.
Quantification of mycobacterial growth
To measure mycobacterial growth, cells were lysed with 0.3% saponin (Sigma-Aldrich) to release intracellular bacteria. At all time points, an aliquot of unlysed infected cells was harvested and counted. This allowed an exact quantification of cells as well as the determination of cellular viability by trypan blue exclusion. Recovery of cells was Ͼ80% in all experiments, with cell viability regularly exceeding 90% of total cells. Lysates of infected cells were resuspended vigorously, transferred into screw-cap tubes, and sonicated in a preheated (37°C) water bath sonicator for 5 min. Aliquots of the sonicate were diluted 10-fold in 7H9 medium. Four dilutions of each sample were plated in duplicates on 7H11 agar plates and incubated at 37°C and 5% CO 2 for 21 days.
Flow cytometry
For phenotypic analysis of NKT cells and monocyte-derived cells, 3 ϫ 10 5 cells were resuspended in 100 l of staining buffer (2% FCS, 1% NaN 3 , and PBS without Mg 2ϩ /Ca 2ϩ ) and incubated with unconjugated or conjugated Abs for 30 min on ice. Samples were washed twice in staining buffer and, if necessary, incubated for an additional 30 min on ice with goat anti-mouse-FITC Abs (1:500). Cells were then fixed in 2% paraformaldehyde and stored at 4°C until analysis in a FACScan flow cytometer (BD Biosciences). Intracellular granulysin was detected after fixation (4% paraformaldehyde) and permeabilization (0.3% saponin) of NKT cells and incubated with a polyclonal anti-granulysin rabbit serum (28) or a control serum for 30 min. After washing, an FITC-conjugated donkey anti-rabbit Ab (1/250 final dilution) was added for 30 min in the presence of 0.3% saponin.
Immunoperoxidase and immunofluorescence labeling
Immunoperoxidase labeling was performed as previously described (29) on archived cryostat sections of lymph node specimens obtained from tuberculosis patients (30) . Briefly, frozen sections were fixed in acetone for 10 min and then air-dried. Sections were rehydrated in PBS and blocked with 5% horse serum for 30 min and 10 g/ml CD1d42.1, or the equivalent amount of IgG1 isotype control Ab was added for 2 h. Primary Ab staining was detected using the ABC system (avidin/biotin complex; Vector Laboratories, Burlingame, CA). Slides were counter-stained with hematoxylin. For immunofluorescence staining, tissue sections were blocked in 5% goat serum and labeled overnight with 25 g/ml anti-CD1d (BD PharMingen). After washing, goat anti-mouse IgG1 conjugated to Alexa Fluor 488 was added at 2 g/ml for 2 h. After washing, the second primary Abs, either 2.5 g/ml DCN46 or 1 g/ml RPA-M1, were added for 1 h. After washing, goat anti-mouse IgG2b conjugated to Alexa Fluor 568 was added at a 1/1000 dilution for 1 h. For immunofluorescence labeling of cultured NKT cells, cells were harvested 1 wk after stimulation with PBMC and anti-CD3 and were adhered to individual wells of glass slides coated with poly-Llysine (Sigma-Aldrich). Cells were then fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton-X, and 0.01% saponin in PBS with 1% milk and 10% goat serum. After permeabilization, primary Ab, either DH4 (anti-granulysin; 1/50 dilution) or an equivalent amount of isotype control Ab (IgG1), was added for 2 h. After three washes, a TRITC-conjugated anti-mouse IgG1 was added for 1 h (final dilution, 1/1000). To demonstrate the cellular localization of granulysin, nuclei were stained with 4Ј,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich). Immunofluorescence was examined with a Leica TCS-SP inverted confocal laser-scanning microscope fitted with an argon laser (Leica, Deerfield, IL). Cells were illuminated with 488 or 568 nm of light after filtering through an acoustic optical device. Images were recorded through an optical detector with a 590-nm long-pass filter. Sections stained with DAPI were examined using the multiphoton laser system tuned to 770 to generate UV excitation. Pairs of images were superimposed for colocalization analysis.
Results
CD1d expression by monocyte-derived cells is sufficient for NKT cell activation
The fact that NKT cells are activated in response to the marine sponge-derived glycolipid Ag ␣GalCer, and that Ag presentation occurs through CD1d, is well established (8) . However, it has only been recently appreciated that the low levels of CD1d expression on monocytes and Mo-DCs are sufficient to activate NKT cells in vitro (31) . To confirm the role of CD1d in NKT cell activation by primary human monocyte-derived cells, we purified fresh human monocytes and generated Mo-DCs to test their ability to activate NKT cell clones in the presence of ␣GalCer. Both cell types express low levels of CD1d that were only detectable after extensive blocking with human serum before the addition of the anti-CD1d Ab (Fig. 1A) . Consistent with previous findings (32), culture of 
Two normal donor-derived NKT cell clones that are known to be CD1d-restricted, DN2.B9 and DN2.D5, were used in these experiments (12) . Both clones express the invariant TCR ␣-chain V␣24, and are CD3 positive, but do not express either CD4 or CD8. NKT cell clones were cultured with either monocytes or Mo-DCs that were either pulsed overnight with ␣GalCer or the vehicle DMSO. After 24 h, culture supernatants were tested for IFN-␥ by ELISA. As shown in Fig. 1B , NKT cell responses to Ag-pulsed Mo-DCs resulted in significant IFN-␥ production with an up to 10-fold increase over the control. Pretreatment of ␣Gal-Cer-pulsed Mo-DCs with a blocking Ab to CD1d, but not with an isotype control Ab, abrogated IFN-␥ production. This finding demonstrates the importance of CD1d in the cytokine response by NKT cells. Although the magnitude of IFN-␥ production was similar between the two different NKT cell clones, the ratio of increase was lower for DN2.D5. The higher background cytokine production by DN2.D5 is consistent with the fact that this clone has previously been shown to exhibit autoreactivity to CD1d (13) . Lower levels of IFN-␥ were produced in response to Ag-pulsed monocytes (10 -30% of levels produced in response to Mo-DCs; data not shown). When cultured with monocytes, NKT cells also produced a modest IL-4 response (not shown). IL-4 production was not measured in the case of Mo-DCs because of the confounding effect of exogenous IL-4 administration. Overall, the expression of this cytokine pattern, Th0 with a notable bias toward Th1 cytokine expression, is consistent with previous studies (31) .
To investigate the participation of CD1d in the activation of the NKT cell clones used in these experiments, proliferation assays were performed using ␣GalCer. As previously demonstrated for DN2.B9 (31), the addition of ␣GalCer to monocytes resulted in an up to 5-fold increase in the proliferation of both NKT cell clones as measured by uptake of 3 [H]thymidine after 3 days of culture (Fig. 1C) . Preincubation of monocytes with the blocking Ab to CD1d reduced the proliferative response, whereas pretreatment with the isotype control Ab did not. Similar experiments were performed using Mo-DCs (not shown) and included effective blocking of proliferation with Ab to CD1d. These results are in agreement with a recent report by Takahashi et al. (33) using other NKT cells. Although proliferation was not completely blocked by the anti-CD1d Ab, these results suggest that administration of ␣GalCer might be sufficient to activate CD1d-reactive NKT cells at sites of disease where CD1d is endogenously expressed.
␣GalCer enhances the cytotoxicity of NKT cells
Because NKT cell cytotoxicity is greatly enhanced when ␣GalCer is added to tumor targets that express CD1d (15) and because M. tuberculosis resides within cells of the monocyte lineage, we asked whether ␣GalCer can enhance the cytotoxicity of the NKT cells against monocyte-derived cells, thereby facilitating the immune clearance of the mycobacteria. Cytotoxicity assays were performed using a standard chromium release assay with Ag-pulsed monocytes or Mo-DCs as targets. Increasing numbers of NKT cells were added to monocytes or Mo-DCs that were pulsed overnight with ␣GalCer. As opposed to unpulsed controls, the presence of ␣Gal-Cer resulted in efficient lysis (20 -25%) of Mo-DCs even at the lowest E:T ratio (Fig. 2 ). An anti-CD1d Ab inhibited Ag-specific lysis by ϳ50%. Although at lower levels, lysis of monocytes pulsed with ␣GalCer was also significant with a specific lysis of 25-35% at an E:T ratio of 20:1 (data not shown). These results demonstrate that, in the presence of ␣GalCer, the level of CD1d expressed by monocyte-derived cells is sufficient to direct lysis by NKT cells. Therefore, the administration of ␣GalCer might be therapeutically useful due to its ability to effectively target the cell types that harbor M. tuberculosis for lysis by NKT cells.
NKT cells express granulysin
Granulysin is an antimicrobial peptide with activity against many parasites, fungi, and bacteria (including virulent M. tuberculosis) and is expressed in the cytotoxic granules of NK cells, ␥␦ T cells, and both CD8 ϩ and CD4 ϩ CTL (34 -36) . Based on its ability to perturb mycobacterial membranes, granulysin has been shown to be an important component of the antimycobacterial activity of M. tuberculosis-reactive CTL that are either CD8 ϩ or CD4 ϩ while DN group 1 CD1-restricted CTL failed to express granulysin (36, 37) . We sought to clarify whether DN group 2 CD1-restricted NKT cells behaved similar to the group 1 CD1-restricted counterparts in terms of granulysin expression. Intracellular flow cytometry revealed granulysin expression in ϳ34 -39% of cells from each clone tested (Fig. 3A) . This level of expression is comparable to that seen in M. tuberculosis-reactive cytotoxic CD4 ϩ T cells, and likely reflects that, in an activated T cell clone, only a percentage are activated at a given time (36) . Granulysin was detected in a granular pattern in the cytoplasm of NKT cells consistent with their presence within cytotoxic granules (Fig. 3B) . The ability of ␣GalCer-activated NKT cells to express granulysin suggested that these cells could mediate an antimicrobial activity.
Antimycobacterial activity of NKT cells is CD1d restricted and granule dependent
As we observed that ␣GalCer is capable of initiating NKT cell lysis of infected host cells and that NKT cells express granulysin, we surmised that these two conditions may combine to achieve efficient killing of intracellular mycobacteria. To test this hypothesis, monocyte-derived cells, either monocytes, macrophages, or Mo-DC, were infected with virulent M. tuberculosis at an MOI of 5:1. After extensive washing to remove extracellular mycobacteria, infected cells were cultured with ␣GalCer before addition of ␣GalCer-naive NKT cells. By 24 h after infection, the addition of NKT cells to infected macrophages treated with ␣GalCer resulted in a Ͼ50% growth inhibition of M. tuberculosis when increasing numbers of NKT cells were added (Fig. 4A) . This difference was statistically significant at the NKT to macrophage ratios of both 3:1 ( p Ͻ 0.05) and 10:1 ( p Ͻ 0.01). Similarly, inhibition of mycobacterial growth was observed in Mo-DC ( Fig. 4B ; p Ͻ 0.01 at a ratio of 10:1). At an E:T ratio of 5:1, neither ␣GalCer alone nor NKT cells alone resulted in significant mycobacterial growth inhibition in either monocytes (Fig. 4C) or Mo-DC (Fig. 4D) while the combination of ␣GalCer and NKT cells resulted in a 2-to 3-fold decrease in mycobacterial growth in both cell types ( p Ͻ 0.01 for monocytes; p Ͻ 0.05 for macrophages). Addition of the blocking Ab to CD1d completely abrogated the growth inhibition in monocytes ( Fig. 4C ; p Ͻ 0.01) and Mo-DCs ( Fig. 4D ; p Ͻ 0.01). These results suggest that the presentation of ␣GalCer through CD1d is responsible for the antibacterial effect of NKT cells.
Finally, because we suspect that the granulysin-containing granules are responsible for the antimicrobial effect of NKT cells, experiments were conducted using degranulated NKT cells. Strontium treatment, while preserving cellular viability and the ability to release cytokines, induces reversible degranulation of CTLs without perturbation of the Fas pathway (27, 30, 36, 38 -40) . Overnight treatment of NKT cells with 20 mM strontium resulted in viable cells that expressed 20-fold fewer granulysin-positive cells than untreated NKT cells (Fig. 4D) . Granulysin expression was reduced from 34 to 2% as determined by intracellular flow cytometry. Growth inhibition of intracellular M. tuberculosis in Mo-DCs pulsed with ␣GalCer was almost completely diminished by degranulation (MOI of 5:1). These results demonstrate the importance of cytotoxic granules for the antimycobacterial activity of NKT cells.
CD1d is present at the site of mycobacterial disease
As CD1d is required to activate ␣GalCer-responsive NKT cells, in order for the ␣GalCer/NKT cell system to be potentially effective as antibacterial therapy, CD1d must be present at the site of disease. To determine whether CD1d-positive cells are available to present ␣GalCer to human NKT cells, we examined lymph nodes from patients with tuberculosis. Fig. 5A shows prominent expression of CD1d by immunoperoxidase staining. CD1d localized to the center of the granulomas, and is detected on the surface of cells that exhibit a distinct dendritic appearance (Fig. 5A ). This pattern is reminiscent of the CD1d staining pattern observed in human leprosy lesions (41) .
To determine the nature of the cells that express CD1d in these tissues, immunofluorescence labeling was performed (Figs. 5,  A-C) . The majority of CD1d-positive cells also labeled positively for DC-SIGN, a marker specific for DC and alveolar macrophages (42) . Occasional CD1d-positive cells labeled weakly for CD14, a monocyte/macrophage marker that is down-regulated with maturation into DC. This weak labeling was in contrast to many other strongly positive CD14-expressing cells that were negative for CD1d (not shown). These results suggest that the cell types that express CD1d in the tissues tested are DC or a subset of macrophages that label weakly for CD14 and positively for DC-SIGN. These studies demonstrate the in vivo expression of CD1d on cell types known to be important in M. tuberculosis infection and suggest that CD1d molecules would be available to present exogenously administered ligand, ␣GalCer, to NKT cells at the site of infection.
Discussion
In addition to the proposed role in immune regulation, NKT cells participate in host defense against microbial infection. In murine models of disease, NKT cells activated by the marine spongederived Ag ␣GalCer defend the host from fungal, protozoal, and viral infections (43) (44) (45) . Recently, administration of ␣GalCer has also been shown, in a CD1d-dependent manner, to reduce bacterial burden, reduce tissue injury, and prolong the survival of mice inoculated with M. tuberculosis (46) . In the current study, we provide evidence that ␣GalCer can activate antimicrobial pathways against M. tuberculosis in a CD1d-restricted manner in humans. The following three mechanisms by which ␣GalCer-activated NKT cells could contribute to host defense against infection were identified: the release of cytokines, cytotoxicity, and direct antimicrobial activity against intracellular M. tuberculosis. These results also suggest that, in contrast to the human group 1 CD1 molecules that are down-regulated by intracellular infection with M. tuberculosis (47) , functional expression of human CD1d by infected cells is intact. Therefore, the data provided by the present study, that activation of human NKT cells can mediate antimycobacterial responses, represent a crucial step in the targeting of the NKT cell pathway as a potential treatment modality for human infectious disease.
One important effector mechanism by which NKT cells may contribute to host defense against infection in humans is the production of cytokines. Having originally been recognized for their ability to produce the Th2 cytokine IL-4, NKT cells take on a Th1 phenotype during development and produce significant amounts of 5 /sample) were fixed (4% paraformaldehyde), permeabilized (0.3% saponin), and incubated with a polyclonal anti-granulysin rabbit serum or a control serum for 30 min. After washing, an FITC-conjugated donkey anti-rabbit Ab (1/250 final dilution) was added for 30 min in the presence of 0.3% saponin. Cells were then acquired (50,000 events) and analyzed by flow cytometry. The experiment shown is representative of five with similar results. B, NKT cell clone DN2.B9 was fixed (4% paraformaldehyde) and permeabilized (0.01% saponin in presence of 10% goat serum and 1% milk), on a glass slide coated with poly-L-lysine. Anti-granulysin mAb (DH4) was added for 2 h, and slides were washed with 0.1% saponin and 1% milk in PBS. The secondary Ab, an isotype-specific (IgG1) TRITCconjugated goat anti-mouse, was then added for 1 h. After washing, nuclei were stained with 1 g/ml DAPI for 10 min. Confocal microscopy images were obtained for granulysin (red) and DAPI (blue). The two images were superimposed to show a granular and cytoplasmic distribution of NKT cell granulysin.
IFN-␥ (48).
In agreement with previous studies, we found that presentation of ␣GalCer by monocyte-derived cells could activate NKT cells to produce IFN-␥, and to a lesser degree, IL-4. IFN-␥ can activate phagocytes to kill intracellular organisms through upregulation of nitrogen-radical production (49) , and NKT cell-derived IFN-␥ might be particularly beneficial in the setting of mycobacterial infection because the virulence of strains of M. tuberculosis from human clinical isolates varies inversely with the ability to induce a Th1 response (50) . Recent data also indicates that humoral responses can also contribute to host defense because Abs directed against mycobacterial Ags confer protection by directing organisms to granulomas (51) . A role for NKT cell-derived IL-4, a mediator of humoral immunity, is suggested by studies demonstrating that NKT cells are necessary for the formation of granuloma-like lesions in mice exposed to mycobacterial cell walls (19) . Overall, it appears that ␣GalCer-activated NKT cells can initiate both Th1 and Th2 immune responses that can contribute to host defense against M. tuberculosis infection. A second important antimicrobial mechanism is cytotoxicity directed against infected cells. The ability of intracellular pathogens, such as M. tuberculosis, to survive within phagocytes represents a major barrier to the eradication of mycobacterial diseases. Extracellular release of the pathogen could allow for reuptake by IFN-␥-activated phagocytes or may expose the bacilli to antimicrobial peptides released by nearby cells (52) . In this study, we have demonstrated that NKT cells can lyse phagocytic cells that harbor M. tuberculosis and that this lysis is dependent upon CD1d.
A third mechanism for host defense is direct antimicrobial activity through the release of antimicrobial peptides. In this study, we detected the expression of the antimicrobial peptide granulysin in NKT cells that possess antimicrobial activity against M. tuberculosis residing within human monocytes, macrophages, and Mo-DC. Depletion of cytotoxic granules was associated with the loss of antimycobacterial activity. Granulysin has not yet been identified in the mouse indicating that human and murine NKT may differ in some effector function. However, granulysin is present in human NK cells, CD4
ϩ , and CD8 ϩ T cells. Because NKT cells are considered part of the innate immune system, the demonstration that NKT cells can mediate antimicrobial activity, likely through the release of granulysin, further indicates that this host defense pathway has been conserved between the innate and adaptive human T cell systems.
It remains to be determined whether NKT cells recognize natural ligands of the tubercle bacillus and whether such Ags are appropriately presented during the course of in vivo infection. By demonstrating three mechanisms by which human NKT cells can protect against mycobacterial infection-production of protective cytokines, lysis of infected cells, and release of the antimicrobial peptide granulysin-these studies strengthen the argument for further investigations into the potential therapeutic use of ␣GalCer in humans. The plausibility of this approach is supported by the finding that CD1d, the restriction element of the NKT cells, is expressed at the site of disease in tuberculous lymphadenitis.
Effective therapy using ␣GalCer will likely depend upon the access of both NKT cells and ␣GalCer to sites of disease. NKT cells have been detected in the granulomas of mice that were induced by mycobacterial cell walls (19) , but whether ␣GalCer will be able to activate these cells in situ is not yet known. Previous studies of pulmonary infection suggest that the effects of ␣GalCer are present at the sites of disease. Systemic administration of ␣Gal-Cer can reduce the CFU of both Pseudomonas aeruginosa and M. tuberculosis in the lungs of infected mice; however, protection against M. tuberculosis is effective only when ␣GalCer is administered early in the course of infection (46, 53) . Translation of ␣GalCer therapy into useful treatments of human infection will require investigations into optimal drug delivery and into whether ␣GalCer might be useful in established human infection, perhaps as an adjuvant therapy.
One recently suggested therapeutic strategy is the administration of ␣GalCer-loaded ex vivo-derived DC. This approach has been shown to produce prolonged IFN-␥ responses, as compared with the i.v. administration of ␣GalCer, and reduces the number of melanoma metastases in mice challenged with a melanoma cell line (54) . Another alternative to systemic administration of ␣GalCer is direct intrapulmonary administration of aerosolized ␣GalCer. This approach may specifically target alveolar macrophages that may harbor M. tuberculosis while also minimizing the activation of NKT cells by uninfected CD1d-expressing cells at distant sites. Finally, the usefulness of ␣GalCer as adjuvant treatment against intracellular infection has been demonstrated in a murine malaria model when combined with vaccination (55) .
The development of novel therapeutic approaches that do not rely on a CD4
ϩ cellular response will be particularly important given the worldwide prevalence of HIV infection and the emergence of multidrug resistance by M. tuberculosis. Future studies are needed to determine whether ␣GalCer will be useful as an adjuvant therapy to vaccination or chemotherapy for tuberculosis. Elucidation of the effector mechanisms of human NKT cells and the pattern of CD1d expression in disease should contribute to the design of studies that will define the utility of ␣GalCer/NKT cellbased therapy for the treatment of infection and malignancy in humans. Representative sections of lymph node specimens from a tuberculosis patient were stained by the immunoperoxidase method using an unconjugated monoclonal Ab specific for CD1d or the isotype control IgG1. Sections were counterstained with hematoxylin. CD1d stains brown (original magnification, ϫ400). B, Colocalization of CD1d and DC-SIGN. Lymph node sections were stained for CD1d (green) and DC-SIGN (red) and analyzed by confocal microscopy. The right panel shows the merged image of the left and middle panels and indicates colocalization (yellow).
